Context: During the pubertal transition, LH secretion initially increases only during sleep; however, its relationship to sleep stage is unknown.
T
he onset of puberty is heralded by a dramatic rise in GnRH and consequent LH secretion. In the 1970s, Boyar et al. (1) made the seminal observation in a group of seven pubertal boys that augmented LH secretion initially occurs during nighttime sleep. The dependence of LH secretion on sleep, rather than on time of day, was later proven by sleep-reversal studies in pubertal boys (2) . Work by a number of investigators has since confirmed the relationship between gonadotropin secretion and sleep during puberty (3) (4) (5) (6) (7) (8) (9) (10) . Although the association between increased LH secretion and sleep has been known for nearly 40 yr, the physiological relationship between the sleep and reproductive systems in normal pubertal children remains unknown.
Both sleep and circadian signals are powerful and specific modulators of hormone secretion. Although hormones such as prolactin and TSH respond to the overall sleep-wake state, others such as GH and renin are sensitive to specific sleep stages or to transitions between nonrapid eye movement (NREM) and rapid eye movement (REM) sleep (11) .
For example, a large peak in GH secretion is seen in association with the first period of slow-wave sleep (SWS) in both children and adults (12, 13) . The importance of this sleep stage in the control of GH secretion has been confirmed by interventional studies that delayed the onset of sleep or pharmacologically increased the amount of SWS (reviewed in Ref. 14) . The nocturnal pattern of renin secretion is also influenced by the sleep cycle with levels rising with NREM sleep onset and declining with REM sleep onset (15) . Finally, sleep-related inhibition of LH secretion in reproductive-aged women is specifically related to deep sleep with LH pulses occurring during brief episodes of wakefulness (16) . Thus, although a precedent exists for the association of hormone secretion with specific sleep stages, this potential interface has not been investigated for reproductive hormones in pubertal children.
The current studies were designed to explore the effect of sleep on GnRH secretion during puberty by examining LH pulses in relation to specific sleep stages, assessed by polysomnography (PSG). Through simultaneous frequent blood sampling and PSG, we demonstrated a novel temporal association between SWS and LH pulses suggesting that SWS in particular, rather than the overall sleep state, is responsible for augmented LH secretion during sleep in puberty.
Subjects and Methods

Subjects
Subjects were pubertal children and included five boys, ages 11.8 -15.6 yr, with a testicular volume of 4 -15 ml, and four premenarcheal girls, ages 9.9 -12.8 yr, with Tanner stage II-III breasts (17, 18) . All physical examinations were performed by the same investigator, and pubertal onset was confirmed by morning LH levels. Subjects were originally recruited for a clinical research study designed to determine the effects of obstructive sleep apnea (OSA) on nocturnal reproductive hormone secretion. Subjects were recruited based on PSG-confirmed OSA (19) treated with continuous positive airway pressure (CPAP) or symptoms strongly suggestive of OSA. However, at the time of the study, a subset of subjects (n ϭ 9) no longer met criteria for OSA, defined as an apneahypopnea index (AHI) greater than 5 (20) , or had borderline OSA (AHI ϭ 5) when studied off CPAP. These nine subjects are the focus of this report. Subjects were euthyroid, were not on any medication known to interfere with sleep, growth, or puberty, and did not have a history of precocious puberty or premature adrenarche. Subjects took iron supplements (approximately 30 mg ferrous gluconate/kg⅐d) for the duration of the study and for 1 month thereafter to prevent anemia.
The study was approved by the Partners Human Research Committee. Signed informed assent and consent was obtained from each subject and his/her parent, respectively.
Experimental protocol
Subjects were admitted to the Clinical Research Center of the Massachusetts General Hospital for one or two overnight studies consisting of frequent blood sampling and PSG. Studies were spaced 1-2 months apart in compliance with federal regulations governing blood sampling in children. Six subjects were on home CPAP therapy for treatment of OSA at the time of the study. Because the resolution of OSA in these subjects was unknown at the time of their enrollment, subjects on CPAP were studied twice, in random order, either on CPAP, using their prescribed settings, or off CPAP. All other subjects participated in a single overnight study visit.
PSG was performed according to standard methodology (19) using an electroencephalogram (frontal, central, and occipital leads), electrooculogram, electromyogram, electrocardiogram, and pulse oximetry recordings (GRASS Technologies PSG systems, TWin version 4.3 software). An iv catheter was inserted upon admission, and a long line was connected so that blood sampling could be performed outside of the sleeping room. All subjects ate dinner before lights out. Caffeine was prohibited. Lights were turned off between 2030 and 2230 h, based on subject and parent reports of habitual bedtime. Blood samples (3-5 ml) were drawn at 10-min intervals for 8 h 20 min using a bloodsparing technique, as previously described (21), beginning 20 min before lights out. Subjects were monitored remotely during the entire study by video camera. Sampling was interrupted in one subject (subject 2) for approximately 1 h due to temporary loss of iv access. Hemoglobin levels were assessed on admission and at the completion of sampling and remained within the normal range for age (mean decrease 1 g/dl, range 0 -1.3 g/dl).
All blood samples were analyzed for LH using a chemiluminescent microparticle immunoassay (Architect; Abbott Laboratory Diagnostics, Chicago, IL), which has a minimum detectable concentration of 0.07 IU/liter. LH values are expressed in international units per liter, as equivalents of the Pituitary Second International Reference Standard 80/552.
Data analysis
The sleep recordings were visually scored by a registered PSG technician according to American Academy of Sleep Medicine criteria (19) in 30-sec epochs as stages of NREM [N1, N2, and N3 (N3 is referred to hereafter as SWS)], REM, or wake. All arousals, apneas, hypopneas, and oxygen desaturations (Ͻ90%) were recorded. The AHI was defined as the average number of obstructive apneas and hypopneas per hour of sleep and the arousal index (AI) as the number of arousals per hour of sleep. Sleep latency (minutes) was defined as the period of time between lights out and the first epoch of sleep. Sleep efficiency was defined as the percentage of the time spent asleep after lights out. Paired t tests were used to compare the percentage of time each subject spent in each sleep stage in studies on CPAP compared with off CPAP.
Pulsatile LH secretion was analyzed using a validated modification of the Santen and Bardin method of pulse detection (22, 23) . Only LH pulses occurring after sleep onset (defined as the first epoch of any sleep stage) were considered. To compare LH pulsatility across different sleep stages, sleep records were aligned to the onset of the LH pulse using the preceding nadir.
To examine the association between LH pulse initiation and specific sleep stages, the data were first expressed as the number of pulses observed during each sleep stage, normalized for the amount of time spent in each sleep stage during the 8 h of blood sampling following lights out. The average frequency of LH pulses in each sleep stage and in the presence or absence of CPAP was compared using a linear mixed model to calculate least squares means including fixed stage and treatment (CPAP) effects and a random subject effect. Correction for multiple comparisons was performed using Dunnett's or Bonferroni's method, where applicable. To explore further the observation that LH pulses were seen most frequently during SWS, a similar model was used to compare the percentage of time spent in SWS in 5-min periods before and after each pulse nadir (Ϫ15 to Ϫ10, Ϫ10 to Ϫ5, Ϫ5-0, 0 -5, and 5-10 min) as previously described (16) with the percentage of time spent in SWS across the study night for each subject. LH pulse amplitude was also compared between stages N2 and N3 using a linear mixed model.
Data are expressed as mean Ϯ SD unless otherwise indicated, and P Ͻ 0.05 is considered significant.
Results
Baseline characteristics
Before enrollment, six subjects had been diagnosed with OSA via PSG (secondary to adenotonsillar and/or nasal turbinate hypertrophy, micrognathia, deviated septum, small upper airways, or obesity) and five of six had been using CPAP for the past 3 months to 1.5 yr. The remaining three subjects were suspected of having OSA based on a history of snoring, nocturnal enuresis, daytime fatigue, and/or inattention. All subjects were pubertal according to physical exam and confirmed by a detectable morning LH level (Table 1) .
Sleep parameters
Analysis of the sleep recordings indicated that eight subjects did not meet criteria for OSA when studied off 
CPAP, whereas one subject met borderline criteria [AHI of 5.4 (normal Ͻ 5)]. As a group, the nine patients had an average sleep latency of 51.3 Ϯ 39.0 min, somewhat longer than what has been reported for adolescents referred for PSG due to suspicion of OSA (24), whereas sleep efficiency (83.8 Ϯ 10.3%) was similar to results from previous studies in this age group (25) . All subjects demonstrated normal sleep macroarchitecture for age with 26.5 Ϯ 5.9% of total sleep time spent in SWS. There were no intra-subject differences in the sleep parameters in the six subjects studied on CPAP and off CPAP ( Table 2) .
LH pulse dynamics and their relation to sleep stage
Subjects demonstrated an LH pulse frequency of four to six pulses during the 8 h of frequent sampling (Fig. 1) . The subject in whom blood sampling was interrupted (subject 2) was awake for the majority of this time, and review of hormonal data indicated that it was unlikely that an LH pulse was missed because there was no change in the slope of LH as it descended from a preceding peak before loss of the iv. Indexing of the onset of each LH pulse (n ϭ 58) to the sleep stage records revealed that 52% (30 of 58) of LH pulses initiated during SWS, 36% (20 of 58) during N2, 10% (six of 58) during REM, and 2% (one of 58) during N1. No pulses initiated during periods of wake after sleep onset. Controlling for the time spent in each sleep stage during the night, LH pulse frequency during SWS was significantly greater than during all other sleep stages and wake after sleep onset (P Ͻ 0.001; Fig. 2 ). The distribution of LH pulses among the different sleep stages was similar
FIG. 1. Representation of sleep stages [wake, REM, N1, N2, and N3 (SWS), in descending order] and LH values in the nine subjects (studied off CPAP) demonstrates the close association between SWS (highlighted by the vertical gray bars) and LH pulse onset (marked by inverted triangles).
Note that alignment of the raw PSG data and LH levels, rather than visual inspection, was used in the statistical analyses to determine the sleep stage associated with the onset of each LH pulse.
FIG. 2.
LH pulse frequency (mean Ϯ SD) was significantly greater (P Ͻ 0.001) during SWS (N3) than during any other sleep stage or during periods of wake after sleep onset.
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in subjects studied on CPAP compared with off CPAP (P ϭ 0.4). There was no difference in the amplitude of LH pulses occurring during N2 and SWS (P ϭ 0.3). There were insufficient pulses during N1, REM, and periods of wake after sleep onset to compare LH pulse amplitude across these stages.
Having demonstrated an association between SWS and LH pulse onset, we examined the distribution of SWS in the 10 -15 min surrounding an LH pulse compared with the rest of the study night to explore the temporal link between SWS and LH pulse onset. There was a significant increase in the percentage of time spent in SWS in the 0 -15 min preceding and the 0 -5 min interval following each pulse compared with the percentage of time spent in SWS across the study night (P Ͻ 0.01; Fig. 3 ). Ninety-three percent of the time, the presence of SWS in the 0 -5 min interval after a pulse represented the continuation of a period of SWS beginning before pulse onset. SWS predominance was no longer significant 5-10 min after a pulse. The relationship between SWS and LH pulse onset was unaffected by the use of CPAP (P ϭ 0.2). The association of SWS with LH pulse onset suggests that SWS may play a role in the initiation of LH pulses during puberty.
Discussion
Pubertal onset is heralded by a dramatic increase in pulsatile LH secretion that is initially restricted to sleep (1) . Studies of pubertal children of both genders and across a range of ages, weights, and races have documented an association between sleep and increased LH secretion (3) (4) (5) (6) (7) (8) (9) (10) . These observations indicate that the interface between sleep and the reproductive axis is a consistent and important part of normal pubertal maturation. These observations further suggest that sleep augments GnRH/LH secretion during the developmentally programmed reactivation of the reproductive axis. In the current study, we demonstrated that SWS, rather than sleep in general, is associated with the nocturnal increase in LH secretion during puberty.
Analyzing the relationship between LH pulse onset and sleep stage is challenging because these two variables have very different signal characteristics. Blood sampling every 10 min permits assessment of the acute secretion of LH, its rise, and its pharmacokinetic decline due to clearance from serum. The time of onset of each secretory episode (with a resolution of 10 min) is of primary interest with respect to its potential link with sleep stages. Sleep stages were analyzed as categorical variables across three NREM stages, REM, and wake within sleep, with a resolution of 30 sec. Our initial approach used a straightforward analysis of the number of LH pulses per hour as a function of sleep stage. The striking increase in the frequency of LH pulses associated with SWS shows a highly significant departure from the null hypothesis of no interaction that would have been manifest as a uniform frequency distribution across all sleep stages.
In the current study, 52% of all pulses that occurred after sleep onset were associated with SWS despite the fact that SWS was limited to only 26% of the night. In the one other study that used sleep recording in conjunction with blood sampling in pubertal subjects, visual inspection of the data, without statistical analysis, suggested that LH pulses were associated with NREM sleep (1). The current study expanded upon these observations by incorporating a greater number of sleep studies and by taking advantage of the increased precision afforded by digital sleep recording, thereby demonstrating the importance of SWS in the control of LH secretion during puberty.
The high probability of SWS occurring in the 15 min preceding the onset of an LH pulse suggests that SWS is involved in GnRH pulse initiation during puberty. The temporal relationship of SWS to LH pulse onset may reflect a direct influence of hypothalamic NREM-active neurons on GnRH neurons or an indirect effect via kisspeptin neurons that have recently been implicated in the control of GnRH secretion (26) . Support for the latter hypothesis derives from frequent sampling studies in nonhuman primates demonstrating that, like GnRH, kisspeptin secretion is augmented at night during puberty (27, 28) .
An alternative hypothesis is that both NREM-active neurons and GnRH neurons are stimulated by a common upstream signal. Both GH secretion and SWS are stimulated by GHRH (29, 30) . This provides a potential mechanism for the close association between GH secretion and SWS demonstrated in observational and interventional
FIG. 3.
There was an increased amount of SWS in the 15 min preceding and the 5 min following each pulse compared with the amount of SWS seen across the study night (shaded bar). *, P Ͻ 0.01. The cartoon depicts the typical shape of an LH pulse at its onset. Data represent the average (ϩ1 SD) percent time spent in SWS among all subjects. Comparisons were made using a linear mixed model adjusting for repeated measures in each subject.
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studies in children (13) and adults (31) (32) (33) . In rodents, a subset of GHRH neurons project to (34) and activate (35) cells of the ventrolateral preoptic nucleus, an area rich in ␥-aminobutyric acid (GABA)-and galaninergic neurons that is important in generating NREM sleep (36) . The human homolog of the ventrolateral preoptic nucleus, the intermediate nucleus, also contains a population of GABAergic (37) and galaninergic cells (38, 39) that are active during NREM sleep (40) , although there have been no human studies examining the connection between GHRH neurons and the intermediate nucleus. We hypothesize that a parallel system exists in the reproductive axis. A hypothalamic signal that stimulates both SWS and GnRH secretion may first develop at the time of puberty or may become apparent only during reactivation of GnRH neurons in the early stages of puberty. The concept of signaling between NREM-active neurons and GnRH neurons, both located in the hypothalamus, is consistent with the traditional understanding that the initiation of puberty begins at the level of the hypothalamus (with an increase in GnRH quantity) and precedes any changes in pituitary responsiveness to GnRH (41, 42) . Studies in nonhuman primates have indeed demonstrated augmented secretion of nocturnal GnRH from the median eminence during puberty (28, 41) , further supporting the role of GnRH in driving sleep-related LH secretion during puberty in children. Although SWS appears to play a major role in sleep-related pulsatile GnRH secretion in puberty, the occurrence of individual LH pulses in the absence of SWS (particularly during stage N2) in the current study suggests that SWS may act as an amplifier of GnRH neuronal activity.
The transition from puberty to mature reproductive function is marked by a loss of the diurnal pattern of LH secretion (44, 45) . Sleep-specific augmentation of LH secretion reappears in adulthood during recovery from the inhibition of pulsatile GnRH secretion seen in anorexia nervosa (46) , hypothalamic amenorrhea (47), and during the postpartum period (48) , suggesting that sleep plays a critical role in the reactivation of reproductive function in a variety of physiological and pathological settings. Intriguingly, deep sleep inhibits pulsatile LH secretion in women in the early follicular phase of established menstrual cycles, whereas LH pulses occur in association with brief episodes of wakefulness (16) . Taken together, these observations imply that sleep-related signals play a significant role in the maintenance of reproductive axis integrity not only during puberty but also during the entire reproductive lifespan in women.
Although several recent studies without PSG monitoring demonstrated an attenuation of the nocturnal rise in mean LH and decreased LH pulse amplitude during sleep in obese compared with normal-weight girls (49, 50) , the current studies did not demonstrate an effect of obesity on nocturnal LH secretion during puberty. The five overweight or obese subjects in the current study had robust LH secretion during sleep and demonstrated the same pattern of LH pulse onset in association with SWS as the lean subjects. The complete absence of LH pulses during episodes of wakefulness after sleep onset in the current studies suggests that the obese girls in other studies may have had fewer pulses than the lean girls because they spent more time awake during the night. Frequent sampling studies with simultaneous PSG monitoring in obese and lean pubertal girls will be necessary to determine the effect of obesity on LH independent of differences in sleep architecture. Additional studies designed to investigate the connection between SWS and LH secretion from early puberty to late puberty and that address potential differences between boys and girls would also be of interest.
Given the barriers to conducting research in healthy pediatric subjects (51) , it was only feasible to study children presumed to have OSA. However, the current findings are relevant to the connection between sleep and reproductive physiology in healthy pubertal children because all subjects included in this report demonstrated normal or near-normal sleep characteristics, including sleep macroarchitecture, oxygen saturation, AIs, and AHIs when studied off CPAP. In addition, the relationship of LH secretion to sleep stage was not different in studies on CPAP compared with off CPAP in these subjects. The normal PSG results in the subjects with a history of OSA suggest that either their OSA had resolved since the time of their original diagnosis or that the absence of CPAP during a single study night was insufficient to reproduce OSA. Indeed, resolution of both airway edema and muscle fatigue have been reported with long-term CPAP treatment in adults (52, 53) , although this has not yet been investigated in children.
Cross-correlation has been widely used in the sleep and circadian literature (33, 54) . However, we chose not to use this method of analysis due to a number of concerns. As noted by Gronfier and Brandenberger (55) , large but infrequent synchronous peaks between two signals (e.g. SWS and LH) have the potential to inflate the cross-correlation coefficient despite the presence of smaller, but more frequent asynchronous peaks. This is particularly problematic when the number of events is small, as in the current study. Our analysis, by contrast, is strictly based on temporal coincidences and is not influenced by LH pulse amplitude. In addition to the LH amplitude effects, cross-correlation would have required deconvolution of the LH data and either interpolation of LH data or filtering of PSG data to permit data strings at common time points.
These analyses have the potential of introducing significant error associated with the selection of clearance kinetics and basal secretory rates, in addition to the choice of interpolation and filtering algorithms. Finally, raw cross-correlations are strongly affected by the intrinsic autocorrelation of the underlying pair of signals. Although statistical procedures have been developed to control for autocorrelation, these approaches are inadvisable when analyzing the more complex sleep and hormonal data obtained in the current studies.
Thus, we have shown that during the pubertal window when the reproductive axis is more active during sleep, there is a close association between SWS and LH pulse initiation. Our results provide evidence that SWS represents a critical component in the hypothalamic signal cascade that reactivates the GnRH pulse generator at the time of puberty and raise new questions about the anatomic and physiological basis underlying the connection between the sleep and GnRH neuronal systems. These studies also raise concerns that the disordered or restricted sleep that is increasingly prevalent in the adolescent population may compromise normal pubertal development.
